INTRODUCTION
It is now well known that biological production in the South Atlantic Bight (SAB) is strongly influenced by interaction between the Gulf Stream and adjacent shelf waters. Upwelling in frontal eddies and summer bottom intrusions can advect nutrients into the euphotic zone of the upper slope and shelf [Lee et al., 1981; Lee and Atkinson, 1983; Lee and Pietrafesa, 1987; Atkinson et al., 1987] . This transport of new nutrients from the thermocline of the Gulf Stream provides a major food source for a succession of biological responses [ Yoder et al., , 1985 Paffenhofer et al., 1987b; Ishizaka, 1990a, b, c] . In this paper we discuss the regional aspects of the physical and biological processes from a synthesis of outer shelf current and temperature measurements, and we show a spatial and seasonal pattern of carbon production related to the dynamics of Gulf Stream In the Straits of Florida, surface temperature gradients are weak and spatial scales are small, making detection of frontal eddies by satellite imagery difficult. However, in situ current meter records and shipboard thermal surveys [Lee, 1975; Lee and Mayer, 1977] indicate that a third growth region occurs in the vicinity of Miami, Florida, where eddies with diameters of 10-30 km are embedded in frontal meanders with wavelengths of 75-122 km. Northeast of Cape Hatteras, Gulf Stream meanders are no longer restricted by the continental shelf, as along the southeast United States, and the well-known warm-and cold-core "rings" develop.
Weekly Period Frontal Eddies and Meanders
Gulf Stream meanders were first observed off Onslow Bay by Webster [1961] . They were later shown to be northward traveling waves [Legeckis, 1979; Bane and Brooks, 1979] whose "crest" was represented by an onshore meander position (westward displacement of the Gulf Stream) and whose "trough" was the offshore position of the meander. Upwelling occurs in the wave troughs between the offshore displaced front and the shelf break and is believed to support the formation of cold, cyclonic eddies that travel to the north with the parent wave [Lee et al., 1981; Lee and Atkinson, 1983; Brooks and Bane, 1983] . Cyclonic circulation in an eddy interacts with the leading wave crest and entrains a warm streamer or filament around the west side of the eddy that results in a contortion of the Gulf Stream surface thermal front into a series of "shingle" shapes [Von Arx et al., 1955] or folded wave patterns [Legeckis, 1979] . This is the characteristic sea surface temperature ( '0   190   I  I  ,  I  ,  ,  II  ,  I  , •-,  I  I   10  30  50  70  90  110  130  10  30  50  70  90  110  130  DISTANCE OFFSHORE (KM)  DISTANCE Since long time series of biological measurements are not available for southeastern shelf waters, seasonal, annual and interannual effects of Gulf Stream-induced upwelling on productivity of this region must be based on models, satellite imagery, and extrapolation of limited field data sets. The approach used in this paper is to combine the observations of biological response for a few individual upwelling events with long-term current and temperature records that show the frequency and intensity of the events. 
DATA SOURCES AND METHODS

Statistical analyses of spatial variability of the Gulf
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isobath (u') and along-isobath (v') directions, with v' generally aligned with the mean frontal orientation. The rotation angles used are given in Table 1 . The fluctuating temperature is given by T'. The overbar represents a time average. The shortest averaging period was 3 months for the historical 3s ø dropesonde data and 4 months for current meter data obtained during spring 1985 (Table 1) . The remaining data sets were all 6 months or longer in duration, which is normally sufficient to reach stable mean conditions. However, the omission of these two shorter data sets would have little influence on the main conclusions regarding spatial patterns. Arrows represent the sign or direction of the flux, positive offshore or against the gradient in the cyclonic front, and negative onshore or with the gradient. The magnitudes and vertical ranges of these fluxes are given in Table 1 [Csanady, 1990] , in the SAB the Gulf Stream interacts directly with the shelf waters through the process of baroclinic instability that leads to the growth of frontal eddies and meanders. Csanady [1990] showed that baroclinic instability is the primary mechanism for supplying nitrate to the MAB shelf from the "nutrient bearing strata" (NBS) beneath the Gulf Stream. However, this is the last stage of a complicated sequence of events connecting the NBS to the shelf. First, the Gulf Stream nutrients must be transported across the slope sea by the formation and advection of warm core rings. Csanady's exchange model for the MAB then involves baroclinic instability of the outer shelf front formed by interaction of shelf and slope water (warm core rings) to extrude "boluses" in the surface (offshore) and bottom (onshore) layers to complete the mass Previous studies suggest that the outer southeastern shelf has two main seasons with respect to phytoplankton processes' fall-winter-spring (September through May) and summer (May through August) [Yoder, 1985] . The seasons are delineated by the fate of upwelled waters. Eddy-induced onshore nitrate flux and resulting carbon production is primarily restricted to the outer shelf region during the fall, winter, and spring, when the shelf is vertically well-mixed and horizontally stratified. However, during summer the shelf becomes vertically stratified, and eddy-induced upwelled waters in the outer shelf can penetrate to middle and even inner shelf regions. These large, subsurface intrusions of nutrient rich waters were first thought to result from wind-induced upwelling [Green, 1944 
Carbon Export
Eventually, most of the carbon produced on the SAB shelf from upwelling of NBS waters will be returned to the deep sea (Gulf Stream), where some fraction will decompose and again become part of the NBS, part will be deposited in the sediments on the slope and Blake Plateau, and part will be transported northward for deposition on the MAB slope. . However, the NBS is located further offshore and deeper in the water column than occurs for the case of direct frontal eddy exchange, so that onshore nitrate transport and shelf carbon production is reduced compared with the other outer shelf regions of the SAB. In the SAB the rich NBS waters of the subtropical Atlantic are in direct contact with the shelf waters, and rapid exchange takes place via baroclinic instability of the Gulf Stream front. The result is an active recycling of nutrients from the NBS waters to carbon production on the shelf and return to the Gulf Stream for decomposition in the water column and reentry into the NBS or deposition on the continental slope and abyssal plain. Studies of the region to date have discovered preferred regions for nutrient flux onto the shelf and carbon production and removal to the oceanic conveyor belt (Gulf Stream) and have identified the key physical and biological processes involved. These studies provide a reasonable qualitative description of one of the more challenging problems facing marine science, understanding the ocean margin exchange and its impact on production and recycling of biogenic particles. Future studies are needed to quantify the exchange rates and particle transformations through the combination of interdisciplinary process studies that follow intrusion events through their life cycles on the shelf, using time series measurements of important physical, biological, chemical, and geological parameters and improved hydrodynamic-ecosystem models.
